One of the leading astronomers and theorists of his generation, Arthur Stanley Eddington was an important early proponent of the general theory of relativity in both theory and experiment.
Introduction
Arthur Stanley Eddington was one of the most accomplished physicists, mathematicians and astronomers of his generation (Smart et al. 1945; McCrea 1982 ). An early and important proponent of the general theory of relativity, his 1915 'Report on the Relativity Theory of Gravitation' for the Physical Society (Eddington 1915) provided an early authoritative exposition of the subject for English-speaking physicists (Vibert Douglas 1956 p42; Chandrasekhar 1983 p24) . He played a leading role in the eclipse observations of 1919 that offered early astronomical evidence in support of the theory (Vibert Douglas 1956 pp 39-41; Chandrasekhar 1983 pp 24-29; Kennefick 2009 ) while his book 'Space, Time and Gravitation' (Eddington 1920 ) was one of the first popular treatises on general relativity for an Englishspeaking audience. In addition, Eddington's textbook 'The Mathematical Theory of Relativity' (Eddington 1923 ) became a classic reference for English-speaking physicists with an interest in relativity (McCrea 1982; Chandrasekhar 1983 p32) . Indeed, the book provided one of the first textbook accounts of relativistic models of the cosmos, complete with a discussion of possible links to one of the greatest astronomical puzzles of the age, the redshifts of the spiral nebulae (Eddington 1923 pp 155-170) . 1 It is therefore quite surprising that, when Eddington's former student Georges Lemaître suggested in a seminal article of 1927 (Lemaître 1927 ) that a universe of expanding radius could be derived from general relativity, and that the phenomenon could provide a natural explanation for the redshifts of the spiral nebulae, Eddington and others paid no attention. The oversight is particularly puzzling as it is almost certain that Eddington received a copy of the paper at the time of publication, as detailed below. Three years later, Eddington embraced Lemaître's hypothesis with great enthusiasm, distributing it to colleagues and arranging for it to be republished in the Monthly Notices of the Royal Astronomical Society.
In this article, we first review some well-known explanations for the overlooking of Lemaître's 1927 paper when it was first published. These include sociological factors such as Lemaître's status as an early-career researcher and his decision to publish in a lesser-known journal in French (section 3). In section 4, we consider philosophical factors such as the conceptual difficulties associated with the transition from static to non-static cosmologies. In section 5, we discuss two aspects of Lemaître's 1927 paper that have not previously been discussed in the literature; the technical complexity of the article and the preliminary nature of the astronomical data used to support his model. We provide a summary of our findings in section 6, but note that for the specific case of Eddington, there remains a possibility that the great astronomer simply did not read the contents of Lemaître's paper until 1930.
Historical context: a delayed paradigm shift
On 10 th January 1930, a landmark meeting took place at the Royal Astronomical Society in Burlington House in London (Kragh 1996 p 21, 31; Nussbaumer and Bieri 2009 p121 Considering Eddington's great interest in general relativity, the highly specific title of
Lemaître's paper and the fact that the redshifts of the nebulae represented the outstanding astronomical puzzle of the age, we contend that either possibility requires some explanation.
Standard explanations
In this section, we reconsider some explanations for the delay in recognition of Lemaître's 1927 paper that have previously been advanced in the literature.
(i) Status of the researcher
One possibility is that Lemaître's status as a relatively junior researcher may have hindered the recognition of his seminal paper when it was first proposed. After all, busy professors do not always take the time to read every new paper by a former student or early-career researcher.
More generally, a daring new scientific hypothesis tends to be more readily accepted if it is proposed by an eminent scientist rather than a comparative unknown (Merton 1973 p443; Zuckerman 1973 pp 96-144) . However, we suggest a caveat to this observation, namely
Lemaître's rapid rise as a young researcher. Having demonstrated a remarkable facility in relativity as a young student, Lemaître was awarded a prestigious government scholarship to study abroad for three years (Lambert 2015 p84; Mitton 2017 (Lemaître 1925) . In this analysis, Lemaître showed that the de Sitter model was not homogeneous in its original formulation; when expressed in a co-ordinate frame in which it was strictly homogenous, the model was no longer static! While the non-static aspect of the de Sitter model had been suspected for some time, 5 Lemaître's analysis was an important contribution. Thus, while the young cleric was still an early-career researcher in 1927 in the literal sense, he had already established himself as a theoretician of note by that time (Mitton 2017; Kragh 2018) .
(
ii) Status of the journal
It has often been suggested that the journal in which Lemaître's paper of 1927 was published, the Annales de la Société Scientifique de Bruxelles, was a rather obscure vehicle for the paper (Kragh 1996 p31; Nussbaumer and Bieri 2009 p99; Shaviv 2011) . However, recent scholarship suggests that this point may have been somewhat exaggerated; in fact the Annales was a respected journal that could be found in the libraries of most European universities at the time.
Articles in both French and English could be found in the journal and it was reasonably wellknown throughout European academia (Lambert 2015 pp 132-133; Luminet 2013) . We note that Lemaître may have felt a need to acknowledge his earlier governmental scholarship by publishing in a Belgian journal; the publication of his 1925 paper in the Journal of Mathematics and Physics was probably linked to the fact that the results were presented at the 1925 meeting of the American Physical Society (Mitton 2019).
(iii) Language considerations
Many authors have noted that Lemaître's decision to publish his landmark 1927 article in French, rather than English, may have impacted on the reception of the paper (Kragh 1996 p31; Shaviv 2011; Ostriker and Mitton 2013 p68) . 7 We note however that it was quite normal for English-speaking scientists to read scientific papers published in French at this time. Indeed, Eddington himself translated a number of articles and books on relativity from French to English (Smart et al. 1945 ).
We also note that the title of Lemaître's paper is extremely specific. Notwithstanding the above, it is likely that Lemaître's choice of journal and language had some impact on the reception of his paper when first published. After all, when Lemaître's theory was accepted by Eddington three years later, the latter quickly arranged for the paper to be translated into English and republished in the Monthly Notices of the Royal Astronomical Society (Lemaître 1931a ).
Philosophical considerations
It's worth noting that conceptual and philosophical difficulties may also have affected the reception of Lemaître's 1927 paper. As has been previously pointed out, the transition from static to dynamic cosmologies was no small, sudden transformation, but a paradigm shift of the type identified by Thomas Kuhn (North 1965 p111; Kragh and Smith 2003; Marx and Bornmann 2010) .
We note first that, when discussing his 1917 model of the cosmos many years later, Einstein remarked that the hypothesis of cosmic stasis "appeared unavoidable to me at the time, since I thought that one would get into bottomless speculation without it" (Einstein 1946 p154). This attitude can also be seen in Einstein's reaction to Alexander Friedman's article on time-varying cosmology when it was published in the Zeitschrift für Physik (Friedman 1922) .
In a note to the same journal, Einstein declared "the results obtained …seem suspect to me" and claimed that the solution was inconsistent with the field equations (Einstein 1922 (Lanczos 1922 (Lanczos , 1923 , Hermann Weyl (Weyl 1919 (Weyl , 1923 and Felix Klein (Klein 1924) were written within the paradigm of a static
universe; yet the same papers can be read in retrospect as expanding cosmologies. Although the mathematical framework for non-static cosmologies was in place, these theorists did not make the conceptual transition to the expanding universe (North 1965 pp 110-113; North 1990; Ellis 1990; Kragh and Smith 2003; Nussbaumer and Bieri 2009 pp 77-85) . It seems likely that this 'conceptual factor' also played a role in the reception of Lemaître's paper of 1927.
Einstein's reaction to Lemaître's paper is possibly the clearest example of a reluctance to consider time-varying cosmologies. As is well-known, the young cleric travelled to the (Lemaître 1958 ). This incident suggests once again that most physicists were not yet ready to embrace the reality of an expanding universe in 1927. 9 We note in passing that it was also on this occasion that Lemaître first learnt of Friedman's work (Lemaître 1930 (Lemaître , 1958 
New explanations
In this section, we consider two technical aspects of Lemaître's 1927 paper that may have had an impact on the reception of the work. To our knowledge, neither of these 'internal' factors have been considered in the literature before now.
(i) The issue of technical complexity
We note first that, when reading a classic scientific work, it is easy to underestimate the challenge presented to a contemporaneous reader. This occurs because the modern reader often possesses technical tools that were not available in former times (Jardine 2000; Loison 2016 ).
In particular, modern physicists peruse classic papers in cosmology with the benefit of a mathematical framework that has been developed over many years. 11 No such framework was available to Lemaître's contemporaries and one must attempt to read his paper through the eyes of a 1927 reader.
We recall first the technical difficulties faced by physicists when first confronted with the general theory of relativity; indeed, it took Einstein himself five long years to express the field equations in their final covariant form (Norton 1984; Janssen and Renn 2015 In historical studies, the term 'internal history' is sometimes used to denote discussions of the technical aspects of a scientific work, while the term 'external history' is used to denote the study of the sociological context of the work (Kuhn 1977 pp 105-126; Lakatos 1981 where p represents the pressure of radiation and, assuming a closed volume of space V, proceeds to his classic conservation equation
Equations (2) to (5) give the key results of Lemaître's cosmology, but the derivations are left entirely to the reader; we contend that this would have presented a formidable challenge for most physicists unfamiliar with time-varying cosmologies at the time.
14 A more prosaic challenge is seen on the next page of Lemaître's analysis, displayed in figure 2(b). Given that R0 denotes the initial value of comic radius and RE denotes the radius of the static Einstein model, the equation
13 This is an exact translation of Lemaitre's 1927 paper, published in General Relativity and Gravitation as one of their 'Golden Oldie' series of key papers in cosmology and relativity. It should not be confused with Lemaître's abridged paper of 1931. 14 For comparison, Alexander Friedman (Friedman 1922) presents five pages of analysis in deriving similar equations to (2) and (3).
(1) seems puzzling on first perusal. It is only on repeated reading that it becomes clear that R denotes the present radius of the universe in Lemaître's equation (18), while it denotes a variable throughout the rest of the paper. 15 One imagines this terminology may have further puzzled readers unfamiliar with time-varying cosmologies.
ii) The observational data of Lemaître's paper
There is little question that the kernel of Lemaître's paper of 1927 was his brilliant exposition of a connection between an expansion of space derived from the field equations of relativity and the redshifts of the spiral nebulae. Indeed, it is generally accepted that it is this aspect of his paper that distinguishes his contribution from that of Friedman ( Lemaître sets about obtaining an estimate for the rate of cosmic expansion using observational data for the redshifts and distances of the nebulae published by Gustav Strömberg and Edwin
Hubble respectively (Strömberg 1925; Hubble 1926 The crucial step can be seen in figure 3(b) (Hubble 1926) . 18 In the second instance, Lemaître is not offering an explanation for a linear relation between redshift and distance that is already established;
an important footnote to the section, where Lemaître notes that recent attempts by Knut
Lundmark and Gustave Strömberg to establish a relation between v and r indicate only a very weak correlation at best due to the uncertainities in nebular distances. He suggests that a systematic error may be avoided by considering the ratio v/r:
Some authors sought to highlight the relation between v and r and obtained only a very weak correlation between these two terms. The error in the determination of the individual distances is of the same order of magnitude as the interval covered by the observations and the proper velocity of nebulae (in any direction) is large (300 Km/sec according to Strömberg), it thus seems that these negative results are neither for nor against the relativistic interpretation of the Doppler effect. The inaccuracy of the observations makes only possible to assume v proportional to r and to try to avoid a systematic error in the determination of the ratio v/r. Cf. Lundmark… and Strömberg, l.c.
Unfortunately, this footnote was omitted from the 1931 translation of the paper, as discussed below.
In 1929 Leavitt's period-luminosity relation to estimate their distance; the next thirteen distances were estimated by observing the most luminous stars in nebulae and assuming an upper limit of absolute magnitude M = -6.3; the remaining four objects had distances assigned on the basis of the mean luminosities of the nebulae in a cluster. Finally, the single cross represents a mean velocity/distance ratio for 22 nebulae whose distances could not be estimated individually (Hubble 1929) . Even here, many commentators have noted that the quality and quantity of the data shown on Hubble's graph only marginally support his conclusion of a linear relation between redshift and distance for the nebulae (Kragh 1996 p18; Longair 2006 p110; Nussbaumer and Bieri 2009 pp 115-116; Ostriker and Mitton 2013 p73; Peacock 2013) . As pointed out by all these authors, it is likely that Hubble's conclusion was influenced by an
19 See (Peebles 2015) for more on this point. 20 The filled circles and full line represent data corrected for solar motion using the nebulae individually; the open circles and dashed line are data corrected for solar motion by combining nebulae into groups.
important data point cited in the paper but not shown in the graph; namely Milton Humason's measurement of an apparent velocity of 3779 km/s for a nebula at an estimated distance of 7.8 megaparsecs (Hubble 1929; Humason 1929) . In any event, the graph marked an important turning point as it was soon accepted by many theorists as the first evidence of an expansion of space (Smith 1979; Nussbaumer and Bieri 2006 pp 118-119; Kragh and Smith 2003) . This conclusion was strengthened with the publication of a paper that extended the results to much larger distances and redshifts (Hubble and Humason 1931 ) and the result later became known as Hubble's law (Kragh and Smith 2003) .
For comparison, a graph of the redshift/distance data used by Lemaître in 1927 is shown in figure 4(b) ; this graph was not shown in Lemaître's paper but has been reconstructed by Hilmar Duerbeck and Waltraut Seitter from the observational data listed in the article (Duerbeck and Seitter 2000) . 21 As the authors point out, a roughly linear trend of redshift versus distance can also be discerned in this graph, although the scatter in the data is much larger.
However, we find this comparison is a little misleading; a key difference between the two graphs is that most of the nebular distances of figure 4(b) were estimated using the method of apparent magnitude. 22 Indeed, it is interesting to compare the data of figure 4(b) with the graphs shown in figure 5(a) and (b). These graphs represent the earlier attempts at establishing a redshift/distance relation for the nebulae by Lundmark and Strömberg, using redshifts from Slipher and nebular distances obtained using the method of apparent magnitude (Lundmark 1924; Strömberg 1925) . 23 The graph Lemaître had used" (Way and Nussbaumer 2011) . In our view, the observational data used by
Lemaître in his paper of 1927 were of a preliminary nature because the nebular distances were established using a method that was prone to large errors; it is thus very possible that readers 21 See also (Nussbaumer and Bieri 2009 p 108-109) . 22 Note that Hubble's graph is confined to more modest, if more accurate distances. 23 See (Smith 1979; Shaviv 2011 ) for a description of early attempts to establish a redshift/distance relation for the nebulae.
of the paper were not yet convinced of the reality of a linear redshift/distance relation for the nebulae.
Supporting evidence
Some supporting evidence for our thesis can be found by considering the republication of
Lemaître's 1927 paper in the Monthly Notices of the Royal Astronomical Society in 1931 (Lemaître 1931a) . It has long been noted that the data section of Lemaître's 1927 paper is missing in the 1931 translation (Peebles 1984 (Peebles , 1993 Kragh 1996 p406; Nussbaumer and Bieri 2009 pp 126-127) . Indeed, the two excerpts shown in figure 3 above, and the accompanying footnote, are replaced by a single sentence: "From a discussion of available data, we adopt R'/R = 0.68x10 -27 cm -1 " (Lemaître 1931a) . While this omission was until recently considered a great puzzle (Peebles 1993 p82; Nussbaumer and Bieri 2009 p126; Duerbeck and Seitter 2000; van de Bergh 2011b) , it is now known that the translation and editing of the paper was carried out by Lemaître himself (Livio 2013 ). An excerpt from a letter from Lemaître (Lemaître 1931b) to William Marshall Smart, editor of the Monthly Notices, clarifies the reason for the edit:
I highly appreciate the honour for me and for our society to have my 1927 paper reprinted by the Royal Astronomical Society. I send you a translation of the paper. I did not find advisable to reprint the provisional discussion of radial velocities which is clearly of no actual interest, and also the geometrical note, which could be replaced by a small bibliography of ancient and new papers on the subject.
We note that Lemaître almost certainly uses the word 'actual' in the sense of the French adjective 'actuelle' (contemporary), just as he uses the word 'ancient' in the next sentence for 'old'. Thus, his letter supports our thesis that the astronomical data used in his paper of 1927
were of a preliminary nature. As more reliable estimates of the distances of the nebulae were available in the 1930s, why reproduce the preliminary data of his 1927 paper?
Many years later, Lemaître showed a similar attitude towards the data used in his 1927
paper. (Lemaître 1952) .
Conclusions
In conclusion, we recall that Lemaître's brilliant paper of 1927 was situated in the vanguard of both theory and observation. Yet it was ignored by the community for three long years. This oversight may have resulted from sociological factors such as Lemaître's status as an earlycareer researcher, the journal he used and the language in which his paper was published. In addition, conceptual difficulties in making the transition from static to expanding cosmologies may have played a role. However, it is our view that two 'internal' aspects of Lemaître's paper should not be overlooked; the technical challenge presented by his dense analysis to a contemporaneous reader and the preliminary nature of the observational data he used to support his model.
As regards the specific case of Eddington, one final factor presents itself. While it was noted above that Lemaître served as a Research Associate under Eddington in 1923, it is possible that this sojourn may have been a negative, rather than positive, factor. As pointed out by K.C. Wali in his biography of Subrahmanyan Chandrasekhar, Eddington did not always view his students and assistants as equals, or afford their theories the same regard as those of his colleagues (Wali 1991 pp 141-144). Indeed, the astronomical community in England was permeated at this time by a rather strict hierarchical system (Wali 1991 p115, 144) . Thus, we must allow the possibility that Eddington did not glance at his former student's paper when he first received it, despite the exciting title. We shall probably never know for sure; what is known is that by the time Eddington and his colleagues embraced Lemaître's theory in 1930, the brilliant young cleric had already embarked on his second great advance, the hypothesis of a universe with a hot, dense origin (Lemaître 1931c; Lambert 2015 pp 145-154; Kragh 2018) .
Coda
We note that the International Astronomical Union have recently voted to rename Hubble's law as the Hubble-Lemaître law in order to recognise the seminal cosmological contributions of Lemaître. 24 We find this change somewhat anachronistic as Hubble's law was traditionally understood as an observationally-determined relation between the redshifts and distances of the spiral nebulae, a phenomenon that is quite distinct from Lemaître's derviation of a general expansion of space from relativity. A separate article on this topic is currently underway. 
